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a  b  s  t  r  a  c  t

The  synthesis  of single-phase  hexagonal  NaYF4:Yb3+/Er3+ upconversion  phosphors  was  investigated  by a
facile  solvothermal  processing.  It  was  found  that  solvents  adopted  could  influence  the  phase  composition,
morphology  and  luminescence  property  of  resultant  NaYF4 nanosized  crystals  greatly.  When  a mixture  of
oleic  acid–glycol–ethanol  was  used  as  solvent,  the  monophase  hexagonal  NaYF4:Yb3+/Er3+ nanocrystals
vailable online 2 February 2012

eywords:
aYF4:Yb/Er
olvothermal synthesis
exagonal

were  successfully  obtained,  which  exhibited  nanorods  morphology  with  a  longitude  of  about  200  nm
and a diameter  of 50–80  nm.  By co-doping  Yb3+ and  Er3+, hexagonal  NaYF4 nanorods  emitted  bright
upconversion  luminescence  at 530  nm  and  652  nm  under  excitation  of 980 nm,  which  was much  superior
than  those  of  NaYF4:Yb3+/Er3+ particles  synthesized  in  other  solvents  such  as  deionized  water,  ethanol,
glycol  and  oleic  acid.
pconversion

. Introduction

Upconversion (UC) luminescent materials have numerous
otential applications in solid-state lasers [1,2], solar cells [3,4],

nfrared photodetectors [5],  three-dimensional displays [6–8] and
iological labels [9–11]. Compared with organic dyes, quantum
ots and metallic nanoparticles [12,13], UC inorganic fluorescent
ano-materials possess many special advantages in the area of bio-

ogical labeling, such as the absence of auto-fluorescence, reduced
ight scattering, greater luminescence penetration depths and high
esistance of photobleaching. Hexagonal phase sodium yttrium
etrafluoride (�-NaYF4) has been reported as one of the most effi-
ient hosts which contribute to convert 980 nm NIR to visible
ight. By co-doping Yb3+/Er3+, the hexagonal phase NaYF4:Yb3+/Er3+

an emit bright green luminescence, whose green emission inten-
ity is 10 times stronger and overall (green-plus-red) emissions
re 4.4-times greater than those for the cubic phase NaYF4 [14].
o the key point is that how to synthesis pure hexagonal phase
aYF4:Yb3+/Er3+ with high luminous intensity by facile routes.

Recently, several methods have been developed to synthesize
aYF4 aiming to obtain single-phase hexagonal NaYF4 particles
ith desirable chemical compositions and controllable microstruc-
ure, such as one-step synthesis [15], solvothermal processing
16–18], co-precipitation method [19,20], microwave-assisted syn-
hesis [21,22] and thermolysis processing [23]. Among them,
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solvothermal method is a kind of ideal way  to synthesize nanosized
materials. Reaction temperatures, heat treatment time, pH value of
solution, precursor concentration, slovents and compaction rate are
important factors to control the phase, morphology and property
of the obtained crystals [24]. A solvothermal strategy to prepare
NaLaF4 nanorods in water–ethanol–oleic acid mixing system has
been proposed by Wang et al. [25]. Chen et al. [26] have reported
a solvothermal synthesis of NaYF4:Yb/Er nano-structured materi-
als with controlled shapes by tuning the solvents, such as ethylene
glycol and polyethylene glycol, nevertheless monophase �-NaYF4
was not obtained. Hua and coworkers [27] found that hexagonal
phase NaYF4:Yb3+/Er3+ microtubes could be synthesized through a
hydrothermal processing by using YF3 sub-microspindles as pre-
cursor. Therefore, it is feasible to take advantage of solvothermal
method for synthesizing hexagonal phase NaYF4:Yb3+/Er3+ with
uniform dispersed state and high luminescence intensity.

In this paper, we  presented a solvothermal approach to achieve
simultaneous control over the crystallographic phase, morphol-
ogy and luminescence intensity of �-NaYF4 by just choosing
appropriate solvents. Oleic acid (OA)–glycol–ethanol, oleic acid,
glycol, ethanol and water were chosen as solvents, respectively.
Single-phase �-NaYF4:Yb3+/Er3+ nanocrystals were synthesized
successfully by tuning the solvents. The upconversion emission
properties of resultant NaYF4 nanocrystals were also characterized.

2. Experimental procedures
2.1. Preparation of NaYF4 nanorods

All chemicals were of analytical grade and used as received. In a typical proce-
dure of the preparation of NaYF4:20%Yb3+/2%Er3+, 0.24 g of Y2O3, 0.096 g of Yb2O3

dx.doi.org/10.1016/j.jallcom.2012.01.135
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. X-ray powder diffraction patterns of as-prepared NaYF4:Yb3+/Er3+ by
solvothermal processing in (a) water, (b) ethanol, (c) glycol, (d) oleic acid and (e)
oleic acid–glycol–ethanol.

Fig. 2. SEM images of the NaYF4:Yb3+/Er3+ nanosized particles obtained in (a) wa
mpounds 523 (2012) 161– 166

and 0.01 g of Er2O3 were dissolved in a concentrated HNO3 acid, and then evapo-
rated to dryness in oven at 80 ◦C. After 25 ml glycol was added, the mixture was
stirred by magnetic stirrers to form transparent solution. Afterwards, 15 ml oleic
acid, 10 ml  ethanol, 0.8 g NH4F and 2.0 g C2H5ONa were mixed into the solution.
After being agitated at 80 ◦C for 30 min, the solution was transferred into a teflon
vessel (100 ml). After autoclave was tightly sealed, the teflon vessel was  placed into
a  stainless steel kettle to undertake a solvothermal processing at 200 ◦C for 24 h. The
obtained products (sample e) in teflon vessel were washed 5 times with deionized
water and absolute ethanol respectively in turn, followed by being dried in air at
80 ◦C for 12 h. As comparison, the second sample (sample a) was prepared in 50 ml
pure water under the same reaction conditions, the third one (sample b) was  in
50  ml  pure ethanol, the fourth one (sample c) was in 50 ml glycol and the last one
(sample d) was in 50 ml  OA, respectively.

2.2. Characterization

X-ray diffraction (XRD) measurements of samples a–d were performed in order
to  determine the phase composition of products on a Rigaku Dmax-2550 X-ray
diffractometer with Cu K�-radiation resource (� = 1.5406 Å). To determine the purity
of  sample e, X-ray diffraction (XRD) measurement was performed by using syn-
chrotron light source (� = 1.2398 Å) in BL14B1 line station of Shanghai Synchrotron

Radiation Facility. The data obtained could be transformed to fit the requirement
of  JCPDS cards by using wavelength-transformation software. The morphologies
of  products were recorded by field emission electron microscope (FE-SEM, JSM-
6700F). The transmission electron microscope (TEM) and selected area electron
diffraction (SAED) patterns were characterized by transmission electron microscope

ter, (b) ethanol, (c) glycol, (d) oleic acid and (e) oleic acid–glycol–ethanol.
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fabrication of �-NaYF4, it could be argued that the mixture of oleic
acid–glycol–ethanol was a desirable combination for the synthesis
of pure �-NaYF4 under solvothermal conditions.

Table 1
ig. 3. TEM images of the NaYF4:Yb3+/Er3+ nanocrystals synthesized in (a) water, (b)
f  the above NaYF4:Yb3+/Er3+ nanocrystals.

JEM-2010F). The upconversion emission spectras were measured by Fluorolog-3
uorescence spectrometer (Jobin Yvon, France) using 980 nm laser as the excitation
ource. All the measurements were performed under room temperature.

. Results and discussion

.1. Effect of solvents on phase composition of NaYF4

The phase compositions of the solvothermal products were
rstly examined by X-ray diffraction (XRD). Fig. 1 showed the XRD
atterns of the as-prepared NaYF4:Yb3+/Er3+ products. The diffrac-
ive peaks in curve 1a for sample (a) could be mainly indexed
o Na1.5Y2.5F9 (JCPDS 39-0723). All diffraction peaks of the cubic
hase NaYF4 (�-NaYF4) observed in sample b were in good agree-
ent with the data in JCPDS 06-0342 (pattern b of Fig. 1). Samples

–e exhibited the peaks of hexagonal NaYF4, which were consis-
ent with the literature data (JCPDS 16-0334) quite well. The sharp

iffraction peaks proved that the obtained products were well crys-
allized. It was  suggested that glycol, OA and OA–glycol–ethanol
ere capable of accelerating the formation of single-phase �-
aYF4 under relative lower temperatures. No second phase was
ol, (c) glycol, (d) oleic acid and (e) oleic acid–glycol–ethanol. (f) Typical EDX pattern

detected in the XRD measurements, indicating that Er3+, Yb3+

ions were effectively doped into the host lattice of �-NaYF4. As
shown in Table 1, the solvent viscosity of oleic acid was highest
among these solvents the reasonable explanation could be pre-
sumed that high value of solvent viscosity might play an important
role in dominating the formation of hexagonal NaYF4 nanocrystals.
When the NaYF4:Yb3+/Er3+ nanocrystals were synthesized in pure
oleic acid, the sample tended to be contaminated for the decom-
position of oleic acid. As a result, the color of obtained powder
turned gray or black. Considering that the oleic acid has a good
dissolubility in ethanol, and the existence of glycol facilitates the
The viscosity value of solvents used at 20 ◦C.

Solvent Water Ethanol Glycol Oleic acid

Viscosity (20 ◦C)/mPa s 1.0050 1.200 19.9 25.6 (30 ◦C)
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ig. 4. (a) TEM images of hexagonal �-NaYF4:Yb3+/Er3+ nanorods (side of the 

A–glycol–ethanol. (c) TEM image of NaYF4:Yb3+/Er3+ nanorods (top of the rod). 

cid–glycol–ethanol.

.2. The morphology variation of NaYF4 on solvents used

Fig. 2 showed morphology variation of �-NaYF4:Yb3+/Er3+ nano-
ized crystals depening on solvents adopted in the course of
olvothermal processing. The SEM image of sample a (Fig. 2(a))
btained in pure water displayed that the nanocrystals consisted
f irregular globular particles with the size around 50 nm.  How-
ver, while the solvent was changed to ethanol, significant change
n phase and morphology of NaYF4 particles occurred. The image of
ample b (Fig. 2(b)) demonstrated that the obtained �-NaYF4 parti-
les were in spherical shape with the diameter of 50–100 nm.  From
he SEM image of the sample c (Fig. 2(c)) synthesized in glycol,
t was revealed that the products had morphology of hexagonal

icroplates with an average diameter of 500 nm to 1 �m and a
hickness of 500 nm.  Meanwhile, the edges of the plates were rough.

 small quantity of single NaYF4 nanorods obtained in OA could be
bserved in Fig. 2(d), in which most crystals existed in agglom-
rate state. As shown in Fig. 2(e), �-NaYF4 nanocrystals obtained
n oleic acid–glycol–ethanol mixture grew into regular anisotropic
anorods structures with an average length of 150–200 nm and a
iameter of 60–80 nm.

Fig. 3 displayed TEM images of the as-synthesized NaYF4
anocrystals in different solution environment. The products
btained in water and ethanol (Fig. 3(a) and (b)) displayed a spher-
cal morphology with particle size of ∼50 nm.  Fig. 3(c) showed
quare and round �-NaYF4 synthesized in glycol, with the diame-

er of 1–2 �m.  In this case, �-NaYF4 crystals were in micrometer
cale and difficult to meet the requirements of practical appli-
ations. As glycol was changed for OA, �-NaYF4 nanorods were
ormed substantially with a typical length of ∼200 nm,  which was
(b) HRTEM image of NaYF4:Yb3+/Er3+ nanorods (standing on the side face) in
ED pattern of NaYF4:Yb3+/Er3+ nanorods (standing on the top side face) in oleic

clearly shown in Fig. 3(d). The TEM image shown in Fig. 3(e)
demonstrated that the �-NaYF4 nanocrystals obtained in oleic
acid–glycol–ethanol mixture were of single-crystal nature. All �-
phase NaYF4 (Fig. 3(e)) nanorods were of hexagonal nanocrystal
nature with a uniform size of about 50–80 nm in diameter and
200 nm in length, which corresponded to result of Fig. 2(e). The
EDX spectrum in Fig. 3(f) proved that Yb and Er were detected in
all the products, demonstrating that the Yb3+ and Er3+ ions were
introduced into NaYF4 host lattice.

The typical HRTEM images and SAED patterns in Fig. 4(a)–(d)
provided a further insight into the nanometer-scale structural
details of the �-NaYF4 nanorods (sample d). Some of the rods
standed on the TEM grids via the side faces (Fig. 4(a)), while
others existed on the TEM grids on their bottom faces, showing
unambiguously high crystallinity and a regular hexagonal cross-
section (Fig. 4(c)), which corresponded to hexagonal microprisms
that were parallel and perpendicular to the copper grids, respec-
tively. The HRTEM image in Fig. 4(b) showed an interplanar spacing
of 0.295 nm corresponding to the (1 1 2 0) planes. Moreover, as
disclosed by HRTEM images (Fig. 4(b)), the �-NaYF4 nanorods
exhibited a preferred growth direction along [0 0 0 1]. The SAD
diffraction pattern (Fig. 4(d)) of hexagonal cross-section proved
fully the single crystalline nature of NaYF4:Yb3+/Er3+ nanocrystals,
whose zone axis was [0 0 0 1].

It was not cleat yet about the exact mechanism of the solvents
effect on phase composition and particles morphology. Laudise’

group [28] reported that the difference in the growth rates of
various crystal facets was  a key factor to determine the differ-
ent morphologies of the crystallites. Mann [29] also claimed that
the unit cell symmetry governed the spatial relations between the
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ig. 5. Upconversion emission spectra of NaYF4 nanoparticles synthesized in differ-
nt  solvents (Slit width: 0.8 nm,  28 MW).  The inset picture is digital photograph of
he total luminescence of sample e without using any filters.

acets. However, their selection was mechanistically determined
y the relative rates of growth along different crystallographic
irections. So a logical explanation could be proposed that the
anocrystals were inclined to have a harmonious growth rate for
ifferent crystal planes in the solvents with low value of viscos-

ty. It seemed that the solvent viscosity was one of the important
actors to determine the morphology of nanoparticles in solvother-

al  processing. As shown in Table 1, ions’ diffusion rate was  low
n solvents with high viscosity, resulting in slower and less nucle-
tion. As a result, the larger size of crystals were easier to be
ccessed. Meanwhile, organic molecules provided a template for
rystal growth by binding with special crystal planes, leading to
nisotropic crystal growth. In this experiment, it was  inferred that
he solvent viscosity and organic molecules played roles together
o determine the size and morphology of obtained NaYF4 crystals.

.3. Upconversion luminescence of obtained NaYF4 particles

In the process of upconversion, Yb3+ ions provided two  energy
ransfers for the population of the excited states. After subse-
uent multiphonon relaxation, radiative emissions occurred. The
IR upconversion spectras of NaYF4:Yb3+/Er3+ synthesized in dif-

erent solvents under 980 nm excitation (excitation power: 28 MW)
ere illustrated in Fig. 5. By doping Er3+ ions into the system, three

haracteristic emission peaks were observed, which corresponded
o electron transition 2H9/2 → 4I15/2 (410 nm), 2H11/2, 4S3/2 → 4I15/2
525 and 540 nm), and 4F9/2 → 4I15/2 (660 nm), respectively. All of
he spectras were similar to what had been reported for these mate-
ials [10,30,31].  The inset of Fig. 5 showed a digital photograph of
he total upconversion luminescence of sample e taken under the
xcitation conditions by ordinary optical camera. The total light
ppeared yellow–green in color because of a stacking of red and
reen emissions from the Er3+ ions. The red emissions were sig-
ificantly stronger than the green ones, which might result from
he rapid 4S3/2 → 4F9/2 nonradiative decay that rendered the green
evel nonemissive [31]. And the radio of green to red depended also
n the excitation power because the emitting states had different
opulation mechanisms [14].

Upconversion efficiency mainly depended on the phase purity,
s well as dopant concentration, ratio of Na to rare earth ions

nd preparation temperature [32]. It was also reported that the
article size and the organic capping groups binding on the sur-
ace of the NaYF4 crystals could affect the emission intensity
33]. In this paper, combined with microstructural observation, it

[
[
[
[
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was suggested that oleic acid–glycol–ethanol mixture was a suit-
able solvent to synthesize NaYF4:Yb3+/Er3+ with high luminous
intensity under mild conditions. NaYF4:Yb3+/Er3+ crystals with the
same hexagonal structure had different capacities for upconver-
sion luminescence, which was  shown in Fig. 5(d) and (e). It could
be explained as follows, the solvents with high viscosity value could
contribute to crystallization of �-NaYF4 nanorods, which led to the
controllable morphology and high UC intensity [34].

4. Conclusions

Simultaneous control over the phase, morphology and lumi-
nescence intensity of NaYF4 nanocrystals was realized in oleic
acid–glycol–ethanol mixture by facile solvothermal synthesis.
Pure hexagonal phase NaYF4:20%Yb/2%Er nanocrystals with high
luminous intensity were synthesized successfully in our experi-
ment. Under optimized conditions the resultant �-NaYF4 exhibited
nanorods morphology with a length of 200 nm and a hexagon
cross-section. It can be presumed that the oleic acid could help
the formation of �-NaYF4 nanorods along [0 0 0 1]. As a result, the
strong upconversion emission peaks were achieved at wavelength
of 530 nm and 650 nm under excitation of 980 nm.
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